A great deal of information is available on the atmospheric corrosion of mild steel in the short, mid and even long term, but studies of the structure and morphology of corrosion layers are less abundant and generally deal with those formed in just a few years. The present study assesses the structure and morphology of corrosion product layers formed on mild steel after 13 years of exposure in five Spanish atmospheres of different types:
INTRODUCTION
Steel is the most commonly employed metallic material in open-air structures and is used to make a wide range of equipment and metallic structures due to its low cost and Mayne [16] . The solutions obtained were subsequently filtered and made up to a constant value for the analysis of chlorides and sulphates. The chlorides present in each filtrate were determined using an Orion 94-17B chloride-selective electrode in combination with an Orion 901 ion analyser. Sulphates were determined by the turbidimetric method, according to ASTM standard D516 [17] . Figure 1 shows the variation in the mild steel corrosion rate with exposure time in the different atmospheres. As can be seen, the corrosion rate falls considerably during the first six years of exposure and subsequently levels out. The sharpest initial drop corresponds to the urban atmosphere of Madrid, where the corrosion rate soon approaches that of the rural atmosphere of El Escorial, which is very low right from the start of exposure.
RESULTS

Corrosion versus exposure time
As a result of the strong attack experienced by the test panels exposed in the severe marine atmosphere of Alicante, only traces of the specimens remained after 13 years of atmospheric exposure. For this reason, mild steel corrosion rate data is only available up to 10 years of exposure.
It is widely accepted that the long-term atmospheric corrosion of steel conforms to an equation of the following type:
where C is the metal loss after t years, C I is that in the first year, and b is an exponent that is usually less than unity. The exponent b is in turn a function of the type of atmosphere where the metal is exposed. By plotting the atmospheric corrosion of steel against the exposure time in log-log coordinates, straight lines of variable slopes are obviously obtained.
To determine how the corrosion data obtained at the test station network fitted equation
(1), log-log plots were prepared ( Figure 2 ) showing the variation in mild steel corrosion over the 13 years of exposure in the different atmospheres.
The behaviour in the atmospheres of El Escorial (rural) and Madrid (urban) deviates from that predicted by equation (1) . Examples of such deviation from the more common fulfilment of the bilogarithmic law can be found in the literature. Significant improvement or worsening of the environmental quality of the atmosphere, or very notable changes in the physico-chemical characteristics of the rust layers, can produce significant changes in the value of the exponent b [18] .
Zhang et al. [19] , in a study carried out in China, found also that the steel atmospheric corrosion process was divided into two steps. A higher corrosion rate in the first step than in the second indicated that the rust layer was becoming more compact.
This anomalous behaviour has only been observed in the two aforementioned Spanish atmospheres, which have low SO 2 levels and are unaffected by any marine influence, while the behaviour of steel in the industrial and marine atmospheres follows the power law shown in equation (1) . Thus the question is what environmental conditions promote abnormal behaviour? In a previous publication [20] it was speculated that extremely compact rust layers may be formed, hindering the diffusion of reactants, and there is sufficient literature to consider that compact corrosion products improve the protection afforded by rust layers [21] [22] . A comparison of these two Spanish sites with similarly polluted test sites in other countries (where the bilogarithmic law is followed), was also done [23] . Table 2 shows the crystalline phases encountered in the corrosion products formed on mild steel in the different atmospheres. XRD analysis were performed on powdered rust samples removed from the specimens or on the specimens themselves. A semi quantitative estimate of each detected phase has been made, expressed as a percentage of the total crystalline products found.
Characteristics of corrosion products formed in the different atmospheres
The two phases always present are lepidocrocite (γ-FeOOH) and goethite (α-FeOOH), in this order in terms of content in the rust. Other phases usually present in the steel corrosion products are magnetite (Fe 3 O 4 ) or maghemite (γ-Fe 2 O 3 ), which cannot be differentiated by XRD due to their similar crystalline structure [24] . Their preferential location in the lower strata of the rust layer, close to the base steel, explains why they have not been detected in the powder rust samples obtained from the surface of the highly deteriorated steel specimens in the severe marine atmosphere of Alicante. In this case it was not possible to perform XRD determinations on the steel specimens.
Akaganeite (β-FeOOH) is also found in considerable proportions in marine atmospheres.
It is also interesting to draw attention to the presence of hematite (α-Fe 2 O 3 ) and ferrihydrite (Fe 5 HO 8 .4H 2 O) in the atmospheres of Bilbao (industrial) and Barcelona (mild marine), respectively; the latter phase in such a low proportion that it was not quantifiable. Table 3 shows the soluble sulphate and chloride contents extracted from the adherent and non-adherent fractions of the corrosion layers formed on steel exposed to the different atmospheres. The non-adherent corrosion products were separated from the adherent fraction by means of gentle brushing with a steel wire brush. Due to the severe attack of the specimens exposed in the Alicante test site, located 30 m from the shoreline, which had almost completely disintegrated after 10 years, it was not possible to obtain information on soluble salts in that test site.
It is seen how soluble salts are generally concentrated in the inner strata (adherent fraction) of the rust layers as a consequence of ion migration during the atmospheric corrosion process. A certain logical correspondence is also seen between SO 2 and Cl -contents in the atmosphere (see table 1 ) and the total sulphate and chloride contents in the corrosion product layers (see table 3 ). The highest sulphate contents are found in the corrosion product layers formed in the Bilbao atmosphere, with the highest SO 2 pollution, while the highest chloride contents are found in the corrosion layers formed in the marine atmosphere of Barcelona.
DISCUSSION
4.1
Long-term atmospheric corrosion of mild steel. An overview. Table 4 shows the corrosion products most frequently found in the corrosion layers formed on mild steel exposed to the atmosphere. The nature of the rust constituents is barely affected by the exposure time; in fact, the same species are always detected at a given site, however long the exposure. The time factor only alters the proportions of the constituents or, at most, determines the appearance or disappearance of intermediate or minor compounds.
Nature of corrosion products
Reported rust compositions vary widely as a result of differences in the exposure conditions, identification techniques and data interpretation [25] . Although there is general agreement about the presence of lepidocrocite and goethite in the rust composition, while many authors report the predominance of these species [26] others assign prevalence to amorphous ferric oxyhydroxide [27] or feroxyhyte (δ-FeOOH) [28] .
A number of authors mention magnetite as a second-order constituent [26, 27] , most often in rust developed in marine atmospheres. When magnetite forms it is usually near the metal substrate, where the lower oxygen availability favours its development [27, 29] . Its presence is normally associated with a low protective efficiency of the rust layer formed.
Akaganeite is a typical component of rust developed in marine atmospheres. As shown by Keller [30] , it can contain up to 6% chloride and be formed at an early corrosion Maghemite was found in all sites, however hematite was only observed in the industrial atmosphere of Cubatão.
Water-soluble compounds such as FeCl 3 and FeSO 4 , though expected to be present, are often not detected by EDS. This may be because the amounts in question are so small that they are below the detection limit of the instrument, or because they are obscured by the complexity of the oxide scale after prolonged exposure.
Water-soluble compounds have been analysed by Oesch and Heimgartner [34] in Switzerland using ion chromatography with aqueous extracts from plate specimens.
Contamination of the surfaces by ionic species varied greatly between the different test sites. As expected, the highest sulphate and chloride concentrations were found on sheltered specimens. The values obtained only serve to give an idea of the situation at the time when the specimens were withdrawn, since they tend to be strongly dependent on deposition and precipitation conditions in the preceding days and weeks.
It is interesting information to know what phases are present in rust according to the type of atmosphere where mild steel has been exposed for long time periods.
Asami [35] analysed rust on mild steel exposed for 17 years in a rural atmosphere. XRD revealed α-FeOOH as the main constituent, along with γ-FeOOH and β-FeOOH. The origin of β-FeOOH was Cl -from calcium chloride (rather than marine NaCl) used to melt snow on roads during the winter. Magnetite was not detected, because the X-ray incident angle was fixed at 10º, and the results obtained were just from the surface region of the rust layer. These results do not rule out the existence of magnetite underneath.
Dillmann [6] , in ancient ferrous artefacts exposed for very long times (several hundred years) to atmospheres of low aggressivity (rural or semi-industrial, not marine),
analysed the composition of rust layers using micro-X-ray diffraction under synchrotron radiation (μXRD) and micro-Raman spectroscopy. μXRD showed that α-FeOOH was present in greater proportions (inner layers) than γ-FeOOH (outer layers). The proportion of magnetite found was 10% while β-FeOOH was less frequent, but it was obviously not possible to identify the amorphous phases. In contrast, micro-Raman spectroscopy detected a poorly crystallised maghemite phase (γ-Fe 2 O 3 ) and ferrihydrite, a hydrated iron(III) oxy-hydroxide. The identification of ferrihydrite was confirmed by X-ray absorption methods under synchrotron radiation.
Kamimura et al. [36] characterised rusts formed on a mild steel exposed for 15 years in an industrial environment using Mössbauer spectroscopy and XRD. They reported that the rust formed consisted of crystalline phases (α and γ-FeOOH) and an amorphous-like phase, Fe 3-x O 4 (γ-Fe 2 O 3 ), that exceeded 50% of the total amount of rust. This amorphous phase was present both in the inner and the outer rust layer.
Oh et al. [37] analysed rust on mild steel exposed for 16 years in an industrial atmosphere using XRD, Raman spectroscopy and Mössbauer spectroscopy. XRD Cook [24] , with mild steel exposed for 16 years at rural and industrial sites, showed that a decrease in the amount of nanophase goethite was responsible for increased porosity and time-of-wetness on the steel surface. This in turn led to the formation of maghemite in the less-aerobic environment close to the steel.
Yamashita et al. [38] reported the influence of airborne salt in marine atmospheres on the rust structure, pointing to an increase in the β-FeOOH content and rust particle size with an increase in the airborne salt level. Magnetite was also found, although the atmospheric salinity was low.
Oh et al. [37] analysed rusts formed on mild steel exposed for 16 years to a moderate marine atmosphere. Using XRD they found goethite, lepidocrocite, maghemite or magnetite, and akaganeite (possible). Raman spectroscopy ruled out the presence of akaganeite and revealed the existence of both maghemite (<5%) and magnetite (<1%).
Finally, using Mössbauer spectroscopy they performed a finer identification, revealing and quantifying the presence of magnetic and superparamagnetic goethite (of different sizes) and superparamagnetic maghemite.
Asami [39] also analysed rusts formed on mild steel exposed for 17 years to a coastal industrial atmosphere. The distribution and abundance of α-FeOOH, β-FeOOH, γ-FeOOH, amorphous rust and magnetite in the rust layer were also investigated using transmission electron microscopy (TEM) and electron diffraction (ED). They found that the magnetite concentration was negatively correlated with the akaganeite concentration.
The main constituent was α-FeOOH on both the skyward and groundward facing surfaces, along with β-FeOOH and γ-FeOOH. The specimens contained a large amount of β-FeOOH on the skyward surface. Magnetite was not detected on either surface.
These XRD results were just for the surface region of the rust layer, and thus do not rule out the possible existence of magnetite underneath. The deeper region of the rust layer probably contained different species to those observed by XRD for the surface region.
Magnetite appeared more on the groundward side than on the skyward side, while γ-FeOOH was more abundant on the skyward side (TEM/ED determinations). No special tendency was seen regarding the abundance of β-FeOOH, in contrast to XRD results for the rust surface layer. It should be remembered that TEM/ED cross section measurements can cover the entire thickness of the rust layer rather than just the surface region.
Siddique et al. [40] studied the rusting of mild steel in a simulated acid rain environment using transmission Mössbauer spectroscopy, identifying the main corrosion products as α-FeOOH, γ-FeOOH and amorphous-like substances, together with a small amount of γ-Fe 2 O 3 (6-8%). Kumar et al. [41] , using Mössbauer spectroscopy, studied a mild steel exposed to artificial environments with SO 2 and SO 2 + HCl and found that the non-stoichiometry Fe 3-x O 4 varied both with the environment and between the internal and external corrosion products, concluding that the nonstoichiometry Fe 3-x O 4 was an important factor in its corrosion protective ability.
With regard to the relation between the corrosion rate and corrosion products formed on mild steels exposed to the atmosphere, Morales [42] reported an increase in the relative magnetite content for higher corrosion rates in long-term atmospheric corrosion. Cook [24] noted that large particles of goethite and magnetic maghemite were a possible cause of increases in the corrosion rate of mild steel exposed at marine sites.
Yasmashita et al. [43] showed a nearly linear relationship between corrosion loss and mass % of β-FeOOH.
The steel corrosion rate in any environment depends on the composition of the rust layer, which can contain α-FeOOH, β-FeOOH, γ-FeOOH, magnetite and amorphous rust, and especially on the α/γ ratio, where α is the mass fraction of α-FeOOH or the sum of α-FeOOH and amorphous rust, and γ is the sum of the mass fractions of γ-FeOOH, β-FeOOH and magnetite [44, 45] .
Microstructure of corrosion products
Recognition of the structure (morphology) of the rust layer has not commonly performed in atmospheric corrosion studies.
For most iron corrosion products there is more than one possible preparatory method or formation mechanism and the crystal morphology depends on these formation conditions [46] , so a wide range of crystal morphologies and crystal sizes are displayed by most iron corrosion products.
Thus, frequently there is a considerable confusion between the different researches at the time to assign a determined morphology to a particular corrosion product.
Rust morphology characterisation has traditionally been performed using techniques such as optical microscopy, polarised light microscopy, SEM, and electron probe microanalysis (EPMA). However, new techniques that have recently started to be used include transmission electron microscopy (TEM) and electron diffraction (ED), and micro-Raman spectrometry.
According to Fonseca et al. [47] , it is strange that although SEM is very useful to show morphology, and is widely used in materials science, it has not until relatively recently become a common technique in atmospheric corrosion studies. Backscattered electron imaging (BSE) in the SEM has successfully been used to study the microstructure of corrosion layers. Moreover, the sensitivity of the backscattered signal to small differences in the average atomic number makes it possible to know the distribution of sulphur and chloride compounds in the corrosion layers [48] .
Surface morphology
The surface morphology can vary considerably between different exposure sites. The morphology of the oxide layer formed on mild steels has been observed by a number of authors [33, [49] [50] [51] [52] [53] . The phases most frequently found present typical structures, for
instance: lepidocrocite appears as small crystalline globules (sandy crystals) or as fine plates (flowery structures) (Fig. 3a) ; goethite appears as globular structures known as cotton balls (semi crystalline goethite) (Fig. 3b) or even as acicular structures (crystalline goethite); akaganeite appears with cotton ball and rosette morphologies [54, 55] (Fig. 3c) ; and δ-FeOOH shows a distorted plate-like morphology [55] .
Magnetite comes out as dark flat regions, with circular discs that are more difficult to find.
Rust layers usually present considerable porosity, spallation and cracking ( Figure 4 ). side of the panels is usually thinner and finer than on the rougher groundward side. This roughness is due to the large rust particles and easy spallation of large flaky rust [34] . Figure 4c shows an example of porosity of a rust layer.
Cross-section morphology
The use of complementary analytical techniques, such as X-ray micro diffraction (μXRD), X-ray absorption under synchrotron radiation, Mössbauer spectroscopy, SEM/EDS, TEM/ED, Raman spectroscopy, etc., has allowed a more precise description of the organisation of the corrosion product layer and thus a better understanding of the corrosion layers formed after long-term exposure in air.
Stratification of the rust layer
There is controversy about the stratification of the rust layer in different sublayers [25] , as occurs in the case of weathering steels. Suzuki [556] notes that the rust layer formed on unalloyed steel generally consists of two regions: an inner region, next to the steel/rust interface, often consisting primarily of dense amorphous FeOOH with some crystalline Fe 3 O 4 ; and an outer region consisting of loose crystalline α-FeOOH and γ-FeOOH. However, Okada et al. [57] report the inexistence of a dual-layer structure on mild steel exposed to atmospheric corrosion.
Most researchers endorse the concept of the dual-nature rust layer with some or other predominant constituents; in any case, the occurrence of a heavier, more adherent inner sublayer that affords protection and a weaker, more permeable outer sublayer, are supported for both mild steel and weathering steel.
Asami [39] studied in detail the distribution of corrosion products and elements in the rust layer on mild steel by XRD and EPMA, and reported that the rust layer frequently consists of three layers: the inner layer, outer layer and an outermost layer. This external sublayer can accumulate exogenous substances present in the atmosphere, such as chlorides, silica and alumina, originating from sea aerosols and atmospheric deposits of soils, sand, dust, etc.
Distribution of corrosion products inside the corrosion layers Kamimura et al. [36] characterised rusts formed on mild steel exposed for 15 years in an industrial environment using Mössbauer spectroscopy and X-ray diffraction (XRD).
They reported that the rust consisted of crystalline α-FeOOH, γ-FeOOH, and an amorphous-like phase, and that the amount of the amorphous-like phase exceeded 50% of the total rust. Mössbauer spectra indicated that the rust contained only α-FeOOH, γ- Dillmann et al. [6] , in a study of ancient rusts (hundreds of years old) using optical microscopy, observed the existence in cross sections of a lighter component forming veins in small areas (Fig. 6 ) inside the corrosion scale, which he identified as ferrihydrite by X-ray absorption under synchrotron radiation. This phase is less crystallised and frequently designated as amorphous rust or a hydrated iron(III)
oxyhydroxide.
Dillmann [6] , using a wide range of classic and advanced techniques (μXRD, small angle X-ray scattering (SAXS), etc.), studied the composition, structure and porosity of ancient corrosion layers, finding:
(a) the main crystallised phases were Fe 3 O 4 , α-FeOOH and γ-FeOOH (b) α-FeOOH has a fairly uniform distribution, occupying most of the rust layer thickness and was in contact with the base metal.
(c) although presenting the same optical appearance as goethite, γ-FeOOH was always confined to small zones in the outer part of the corrosion scale, often located along cracks.
(d) β-FeOOH is located in the outer part of the corrosion layer, sometimes along cracks. Akaganeite is also detected in the inner part of the corrosion products.
(e) lighter veins or areas observed under the optical microscope correspond to the hydrated iron oxyhydroxide (ferrihydrite).
(f) No amorphous phases were clearly identified. This seems to be in contradiction with some authors, who have often found amorphous phases in the inner rust layer. According to Dillmann [6] , the old age of the rust could explain the apparent absence of amorphous phases. This hypothesis is also proposed by Yamashita [44] , who suggests that during long exposure the amorphous inner layer may be transformed into a densely packed aggregate of goethite nanoparticles.
One of the latest advances in knowledge of the composition of rust layers formed during long-term exposure in the atmosphere is due to Oh et al. [37] . According to these researchers, the inner layer consists of interdispersed goethite in large fractions and superparamagnetic maghemite in small fractions, and the outer layer is composed of interdispersed goethite in small fractions and lepidocrocite in large fractions, irrespective of the environment and the type of steel.
Defects in the rust layer
In atmospheric exposure, wetting and drying cycles influence the structure of the rust layer and its protective properties. Rust formed on steel freely exposed to rain shows a dense (less porous) and laminated structure, compared to the less protective powder-like grainy structure of the rust formed on sheltered surfaces [58] where diffusion to the steel/rust interface is less impeded.
The interior of rust layers exhibit a large number of pores (voids) and microcracks that make them highly defective and permeable to further attack ( Figure 7) . As time elapses, the number and size of defects may decrease due to compaction, agglomeration, etc. of the rust layer, thereby lowering the corrosion rate. Almeida et al. [59, 60] reported that the rust layers formed during atmospheric exposure grow and become more compact with exposure time, increasing their protectiveness, as was confirmed by a decreasing corrosion rate.
Dillmann [6] , in his study with ancient rusts, pointed out that a number of cracks were observed in the rust. These cracks, sometimes of a magnitude of several hundreds of micrometers, could be either perpendicular or parallel to the layers. Neverthless, despite the presence of cracks the rust layers were relatively dense and adherent. 
Prediction of corrosion rates
where C is the metal loss, t is the exposure time in years, and a and b are constants.
According to Benarie and Lipfert [61] , equation (1) is a mass-balance equation showing that the diffusional process is rate-determining, and this rate depends on the diffusive properties of the layer separating the reactants.
The accuracy of equation (1) On the basis of equation (1) As a conclusion of that study, the test stations were grouped according to the local atmosphere type. Rural-urban atmospheres and industrial atmospheres, without any marine component, were distinguished from marine atmospheres. While exponent b varied greatly within each group, a trend was observed in these long-term tests for slopes of between 0.3 and 0.7 for rural, urban and industrial atmospheres and significantly greater (0.6-0.9) for marine atmospheres, whether or not they were close to the shoreline. This confirms the high significance of the marine atmosphere variable (which does not distinguish between chloride levels but refers exclusively to the marine character) in exponent b, as observed in a statistical study [68] . The lower b is, the more protective the corrosion product layer on the metal surface.
Dean [69] reviewed the results obtained for steel in 8-year data from the ISOCORRAG collaborative programme [70] . The time of wetness (TOW) affected positively the value of b for steel, i.e. a higher TOW causes the rust layer to be less protective. The other environmental effects (SO 2 and Cl -) do not appear to be significant in affecting the slope. However, sulphation and salinity strongly affected the intercept (log a).
With regard to skyward-groundward values for steel, exponent b is higher on the groundward side, demonstrating the higher porosity there [61] .
Long-term atmospheric corrosion in Spain
Rural (El Escorial) and urban (Madrid) atmospheres
The corrosion of mild steel in these atmospheres is relatively low (Table 1) , especially in the case of the rural atmosphere, where corrosion in the first year is only 7.5 μm. The corrosivity category is in the interval C2 (low) -C3 (medium), according to ISO 9223 [9] . After 13 years of atmospheric exposure, the attack of the base steel is fairly regular and the rust layers have a thickness of between 100 and 200 μm.
The corrosion rate decreases with exposure time (Fig. 1) , giving rise to great compaction of the rust layer (Fig. 8) , so that after 4-6 years of atmospheric exposure a strong change takes place in the kinetics of the atmospheric corrosion process (Fig. 2) .
The behaviour in the Spanish atmospheres of El Escorial (rural) and Madrid (urban) deviates from that predicted by equation (1) . The log-log plot of steel corrosion vs. time for these two atmospheres ( Figure 2 ) is a broken line consisting of two linear segments:
an initial segment with a slope of 0.73 (El Escorial) or 0.48 (Madrid) followed by a second segment with a very gentle slope (0.08 and 0.09, respectively) [20] . Looking for the main cause of this anomalous behaviour, in a comparison of these two Spanish sites with test sites in other countries (where the bilogarithmic law is followed), such as the former Czechoslovakia [23] , with similar annual precipitation and atmospheric pollution by SO 2 and chlorides, it was concluded that the higher relative humidities and time-of-wetness at the Czech sites must favour the formation of loose, non-compact oxide. On the other hand, the longer annual hours of sunlight and higher air temperature of the Spanish sites results in shorter drying times and hence in the formation of more compact rust layers [20] .
The corrosion products formed in these atmospheres, identified by XRD (Table 2) ,
were: lepidocrocite (γ-FeOOH) (60.6%), goethite (α-FeOOH) (24.6%) and magnetite (Fe 3 O 4 )/maghemite (γ-Fe 2 O 3 ) (14.8%). As has been noted above, XRD cannot differentiate between the latter two compounds. Typical lepidocrocite formations, in the form of flowery structures, and goethite formations, in the form of cotton balls, can be observed in Figure 9 .
With regard to the soluble salts content in the corrosion layers formed (Table 3) , this is lower than in the other atmospheres, and in consonance with the low atmospheric SO 2 and Cl -levels (Table 1) , as can also be seen in the EDS spectrum obtained for the rust layer formed in the Madrid atmosphere after 13 years of exposure (Fig. 8) . Figure 10 shows SEM views of the surface of the rust layers formed on the skyward and groundward sides, respectively, after 13 years of exposure in the El Escorial atmosphere. Together with the micrographs, the EDS spectra show the presence exogenous elements present in the atmosphere, such as silica, alumina, calcium and potassium, originating from the land in the test site area. The longer times of wetness of the groundward surfaces and the absence of any washing effect due to the action of the rain, removing the deposited saline pollutants, means that the corrosion product layers formed (Fig. 10, right) exhibit more open structures and thus with fewer protective properties than those formed on the skyward surface (Fig. 10, left) .
Industrial atmosphere (Bilbao)
Steel corrosion is considerable in the industrial atmosphere of Bilbao, with high SO 2 pollution (corrosivity category C4 (high), according to ISO 9223 [9] ), Table 1 , and its evolution with exposure time follows the bilogarithmic law (Eq. (1)), as can be seen in Fig. 2 . During the first years of exposure the corrosion product layers become increasingly compact, buffering the corrosion rate which stabilises after 4-6 years (Fig.   1) ; although cracking continues to be considerable, unlike in the rural and urban atmospheres (Fig. 11) . The attack profile of the base steel is also more irregular, with rust layer thicknesses of between 100 and 200 μm.
The corrosion products formed in this atmosphere (Table 2) With regard to the soluble salts content, the rust layers contain important amounts of chlorides and sulphates (Table 3) , in concordance with the high SO 2 and Cl -contents in the atmosphere, exceeded only by the severe marine atmosphere of Alicante (Table 1 ). Figure 12 shows the morphologies commonly found for the surfaces of corrosion layers formed in this atmosphere, with formations of goethite ( Fig. 12a) and lepidocrocite ( Fig.   12b ), and corrosion product layers eroded by the somewhat acid rainwater (drizzle) that is common in this industrial atmosphere (Fig. 12c) .
Marine atmospheres (Barcelona and Alicante)
Mild steel corrosion in marine atmospheres tends to be high. It is normal to find corrosivity categories C4 (high) and C5 (very high), according to ISO 9223 [9] , depending on the atmospheric salinity. The aggressivity of the marine atmosphere of Alicante is very severe, due to the high marine aerosol content, and SO 2 from a nearby aluminium plant; in fact, this is a marine-industrial atmosphere ( Table 1 ). The corrosivity is so severe that the 2 mm thickness steel specimens were practically consumed after 13 years of exposure, leaving only traces of the specimen in the form of rust flakes ( Figure 13 ). The thickness of the corrosion product layers formed in these environments is usually high, between 100 and 300 μm.
In both marine atmospheres the atmospheric corrosion rate is buffered during the first years of exposure, stabilising at a corrosion rate of 30 or 60 μm/year for the atmospheres of Barcelona and Alicante, respectively (Fig. 1) . The corrosion data obtained for these two atmospheres is fitted to the power function (Eq. (1)), being straight lines of a similar slope (b = 0.70 and 0.80) in the log-log plots (Fig. 2) .
The corrosion products identified by XRD in the Barcelona and Alicante atmospheres were repetitively lepidocrocite (39.1% and 43.2%), akaganeite (35.5% and 39.3%) and goethite (15.8% and 17.5%) ( Table 2 ). Thus there is a preponderance of the first two constituents, which present characteristic morphological structures: sandy crystals ( Fig. 14, left), typical of lepidocrocite [33] , and cigar-shaped crystals (Fig. 14, right) , typical of akaganeite [46] . This structure is not commonly referred in atmospheric corrosion studies of steel.
In the urban-marine atmosphere of Barcelona magnetite/maghemite was also detected (9.6%). As has already been noted, these constituents usually form close to the base steel. It was not possible to detect these phases in Alicante since only surface rust powder, from the milling of the remaining rust flakes, was available for analysis.
Although it was not possible to quantify ferrihydrite (Fe 5 HO 8 .4H 2 O), its presence of was also detected on the specimens exposed in Barcelona. Backscattered electron imaging (Fig. 15 ) indicated the presence of the ferrihydrite phase in the form of veins or isolated regions of a lighter colour tones than the rest of the rust layer [71] .
The greater salinity of the marine atmosphere of Barcelona leads to the existence of high soluble chloride concentrations in the corrosion product layers (Table 3) . Due to the consumption of most of the specimen exposed in Alicante, it was not possible to determine the soluble salt contents of the specimen.
The SEM/EDS study of the corrosion product layers formed on mild steel in the marine atmospheres showed very open surface morphology structures (Fig. 16 ) of a low protective power, which do not prevent aggressive environmental agents from reaching the base steel, thus explaining the high steel corrosion rates in these atmospheres.
The cross section of the corrosion product layers formed in these atmospheres show irregular (serrated) attack profiles of the base metal (Fig. 17a) , with thin and thick areas in the rust layer. The EDS spectrum of the rust layer shows the presence of exogenous elements from the marine aerosol (Cl, S, K, Mg) and the land (Si, Al, Ca) where the test rack was located.
The BSE/SEM technique makes it possible to differentiate these elements by their atomic weight, e.g. regions richer in chlorides (dark areas), in the deepest zones of the thick parts of the corrosion product layers close to the base steel (Fig. 17b) . The X-ray map of Cl - (Fig. 17c) and the EDS spectra of the light areas (Fig. 17d ) and dark areas (Fig. 17e) confirm the Cl -enrichment of the latter.
CONCLUSIONS
This study of long-term corrosion (13 years) of mild steel exposed to a variety of atmospheres allows the following conclusions to be drawn:
(1) Long-term atmospheric corrosion is low in rural and urban atmospheres but high in industrial and marine atmospheres. 
